The present study was undertaken to determine transforming growth factor a (TGFa) gene expression in various components of medium-sized porcine ovarian follicles by reverse transcription-polymerase chain reaction, and to localize the peptide during folliculogenesis by immunocytochemistry. A strong signal for TGFa transcript was detected in cumulus and granulosa cells, whereas the signal in theca cells was very weak but detectable. No TGFa mRNA was detected in the oocyte. Immunolocalization studies revealed intense TGFa staining in cumulus and granulosa cells of all stages of follicular development. TGFa immunostaining was also observed in the oocytes of primordial and primary follicles. In antral follicles, immunostaining was observed only in cumulus and mural granulosa cells, whereas theca cells and oocytes exhibited very little or no detectable staining. TGFa immunostaining was absent in follicles undergoing atresia. No TGFa immunostaining was observed when the antibody was omitted from the procedure, and the staining was substantially reduced when the primary antibody was preabsorbed with the same mass of TGFa peptide, suggesting the specificity of the staining procedure. These results suggest a local follicular production of TGFa in the porcine ovary and thus a role for TGFa of follicular origin in the regulation of follicular development in an autocrine/paracrine fashion.
INTRODUCTION
Transforming growth factor a (TGFa) is a 50-amino acid protein that has 30-40% structural homology with epidermal growth factor (EGF). It binds to the EGF receptor (EGF-R) [1] and has biological activities similar, although not identical, to those of EGF [2] . TGFc is a unique gene product produced as a large transmembrane precursor that is later processed into a soluble extracellular protein [3] . It was first isolated from the conditioned medium of virally transfected fibroblasts [4] and has subsequently been shown to be produced by a large number of neoplastic cells [5] . In the last few years, TGFa production has been demonstrated in nontransformed cells from postnatal tissues, including cultured bovine anterior pituitary cells [61, neonatal human foreskin keratinocytes [7] , activated macrophages [8] , and mouse brain [9] , indicating its role as a regulator in normal adult tissues.
TGFa has been studied for its potential roles in ovarian functions, and the reports concerning its presence in the ovary are controversial. Kudlow et al. [10] found a significant increase in TGFa mRNA expression in the whole ovary after stimulation of prepubertal rat ovaries with FSH for 3 days and localized TGFa peptide only in theca cells by immunocytochemistry. Yeh et al. [11] , however, were able to detect TGFa mRNA transcript in both fresh and cultured rat granulosa cells using the more sensitive technique of reverse transcription-polymerase chain reaction (RT-PCR).
Accepted August 15, 1995 Their immunocytochemical studies revealed the presence of TGFa only in granulosa cells, but not in theca cells, of rat ovaries [12] . On the other hand, Skinner and Coffey [131, using Northern blot analysis, detected TGFc mRNA in bovine thecal cells, but not in granulosa cells. Lobb et al. [14] localized the peptide exclusively in theca cells of growing bovine ovarian follicles by using a specific monoclonal antibody. To date, no study looking at the localization of both the mRNA and the peptide for TGFa in all the different components of ovarian follicles, including the oocyte and cumulus cells, has been reported for any mammalian species. The present study aimed to determine the expression of the gene for TGFa in various components of medium-sized ovarian follicles by RT-PCR and to immunolocalize the peptide during folliculogenesis by immunocytochemistry in the pig. The porcine system is of particular interest since we have previously localized both the mRNAs and peptides for EGF, another ligand for EGF-R, and EGF-R in various components of its ovarian follicles [15] .
MATERIALS AND METHODS

Separation of Follicular Components
Ovaries were collected from prepubertal gilts at a local abattoir, and medium-sized (4-6 mm) follicles were dissected out from the intact ovarian stroma. The different cellular components of follicles were separated as previously described [151. Briefly, the isolated follicles were bisected with scissors, and granulosa cells were scraped from the basement membrane by means of a heat-bent Pasteur pipette. The oocyte-cumulus cell complexes (OCC) were collected from the dishes with a micropipette. Oocytes and cumulus cells were separated by removing cumulus cells from the OCC with a fine-bore (-80 tm) pipette. The granulosa cells were dispersed by repeated pipetting, and theca interna cells were separated mechanically by peeling off the inner layer prior to enzymatic dispersion with 0.25% collagenase (Type II; Sigma Chemical Co., St. Louis, MO), 0.05% hyaluronidase (Type I, Sigma), and 0.05% dispase (Boehringer-Mannheim Canada, Laval, PQ). All cells were washed 5-7 times with Dulbecco's PBS (DPBS) containing 0.3% polyvinylpyrrolidine (PVP; Sigma). Pools of 100 oocytes, cumulus cells from 100 OCC, 1 million granulosa cells, and 1 million theca cells were stored in 10 pl of DPBS at -70 0 C until RNA isolation.
Extraction of RNA
Total RNA was extracted according to the method of Rappolee et al. [16] as modified by Valdimarsson et al. [17] . Briefly, the oocyte and somatic cell samples were solubilized at room temperature by the addition of 100 ll of solution D (4 M guanidine thiocyanate, 0.5% Sarkosyl (Sigma), 100 mM 2-mercaptoethanol, 25 mM sodium citrate, pH 7.0), to which 20 ftg E. coli rRNA (Boehringer-Mannheim) was added to act as a carrier. The lysates were carefully layered over 100 pl of 5.7 M CsC1 in 0.1 M EDTA, pH 7.5, in polyallomer ultracentrifuge tubes. The samples were spun at 80 000 rpm and 20°C in a TLA-100 rotor in a Beckman TL-100 tabletop ultracentrifuge (Beckman Instruments, Palo Alto, CA) for 4 h. The RNA pellets were dissolved in 100 ril of 2.5 M ammonium acetate and precipitated with ethanol overnight at -20C. The following day, the RNA was airdried after being washed twice with 70% ethanol.
RT-PCR
The RNA pellets were redissolved in water, and total RNA was reverse-transcribed into cDNA in a volume of 20 pl containing 2 IU/p1l recombinant RNasin (Promega, Madison, WI), 20 ng/gl oligo(dT) primer (Boehringer-Mannheim), 1 mM each dATP, dCTP, dGTP, and dTTP (Boehringer-Mannheim), 1.5 IU/pl AMV reverse transcriptase (BoehringerMannheim) in 50 mM Tris (pH 8.3), 60 mM KCl, 3 mM MgCl 2 , and 10 mM dithiothreitol. The RT reaction was carried out at 42°C for 1.5 h, after which it was stopped by boiling for 10 min, followed by quenching on ice. The RT preparation was stored at -70 0 C after being divided into suitable aliquots.
PCR was carried out in a total volume of 50 jpl with a Perkin Elmer-Cetus (Irvine, CA) DNA Thermal Cycler. Each reaction mixture contained 1-2 gil cDNA solution, 50 pmol of each primer, 5 l of 10-strength PCR buffer (Promega), 2 jil of 5 mM dNTPs, and water to 50 ll. The mixture was overlaid with 75 Ill of paraffin oil and was heated to 94°C for 5 min prior to the addition of 1-2 IU of Taq polymerase. The amplification profile consisted of 35 cycles: at 94C for 0.3 min (dissociation); at 55°C for 0.5 min (annealing); and at 72°C for 1.0 min (extension). The final cycle included a further 5 min at 72 0 C for complete strand extension. All RT-PCR reactions were carried out at least twice for each individual RNA sample.
PCR Primers
The primers for TGFa were designed according to the conserved regions of the rat and human cDNA sequences with a few modifications to suit the porcine system as previously described by Vaughan et al. [181. Briefly, the upstream primer (5'-TGCCCAGATTCCCACACT-3') is identical to nucleotides 280-297 of the rat cDNA, and the downstream primer (5'-TG(G/T)ATCAGCACACA(G/T)GTG-3') represents the reverse complement of nucleotides 489-506. This primer pair spans known introns that help to distinguish amplifications of mRNA reverse-transcribed to cDNA from amplifications of any contaminating genomic DNA and predicts a DNA fragment of 243 bp. To test the specificity of the primers for the pig, rat kidney cDNA was subjected to PCR amplification using these TGFa primers. Prior to TGFa gene expression studies, the quality of the RNA extracted from each follicular component and its reverse transcription to cDNA was tested by using 3-actin primers, since transcripts for cytoplasmic p-actin are expected to be present in all cell types. Furthermore, the same RNA preparations were used previously in our EGF and EGF-R gene expression studies [15] .
Confirmation of PCR Products
The identity of PCR products was confirmed by cutting the DNA bands with a diagnostic restriction enzyme Rsa I according to the supplier's instructions.
Immunocytochemistry
Anti-TGFa, a purified mouse monoclonal neutralizing antibody (TAb-I), was kindly provided by Dr. P.K. Lala, University of Western Ontario, London, ON, who received it as a generous gift from Dr. B. Langton, Berlex Biosciences, Alamada, CA. This antibody has been shown to be highly specific for TGFa and has previously been used for neutralization studies [19] . Immunocytochemistry was carried out as previously described [151. Briefly, ovaries were fixed in paraformaldehyde (4%) and glutaraldehyde (0.5%) fixative, dehydrated, and embedded in paraffin. Streptavidinbiotin immunostaining was performed on 5-7-Ltm sections as outlined in the Histostain-SP kit (Zymed Laboratories Inc., San Francisco, CA) for mouse primary antibody with a few modifications. The sections were deparaffinized, and endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol at room temperature for 10 min. The slides were then incubated overnight at 4 0 C with 1:100 (70 pLg/ml) anti-TGFa (TAb-1) in DPBS. For negative controls, the primary antibody was either omitted from the procedure or preabsorbed with the same mass of TGFa peptide. The slides were then washed twice in DPBS, and biotinylated secondary antibody was applied over the section for 10 min at room temperature. After two washes, streptavidin peroxidase conjugate was applied at room temperature for 5 min followed by washing in DPBS. The reactions were completed by the addition of freshly prepared substrate-chromogen mixture for 15-20 min at room temperature. The slides were then counterstained with hematoxylin, and the results were recorded by photography.
RESULTS
TGFa mRNA
A strong signal for TGFa transcript was detected in cumulus and granulosa cells, whereas the signal in theca cells was very weak but detectable (Fig. 1A) . No TGFa message was detected in the oocyte (Fig. 1A) . The identity of the amplified product was confirmed by cutting the band with the diagnostic restriction enzyme Rsa I, which yielded the expected fragments of 146 and 97 bp (Fig. 1B) . No amplified product was detected when the somatic cells were absent from the rinse medium (lane R, Fig. 1A ) or when the cDNA was replaced with water (lane W, Fig. 1A ), demonstrating the specificity of the amplification procedure. Also, no TGFc transcript was detected in the cDNA obtained from rat kidney (lane K, Fig. 1A ), suggesting the specificity of the primers for the pig.
TGFa Peptide
The immunolocalization of TGFa in porcine ovarian follicles is shown in Figure 2 , A-E. Intense TGFa staining was observed in cumulus and granulosa cells of all stages of follicular development (Fig. 2, C-E) . TGFa immunostaining was also observed in the oocytes of primordial and primary follicles (Fig. 2, B and C) . In antral follicles, immunostaining was observed only in cumulus and mural granulosa cells, whereas theca cells and oocytes exhibited very little or no detectable staining (Fig. 2, D and E) . TGFa immunostaining was absent in follicles undergoing atresia (not shown). No TGFa immunostaining was observed when the antibody was omitted from the procedure (data not shown), and the staining was substantially reduced when the primary antibody was preabsorbed with the same mass of TGFa peptide ( Fig. 2A) .
DISCUSSION
This paper reports the first demonstration of TGFa gene expression in all the different components of the ovarian follicle for any mammalian species. A very strong signal for TGFa transcript was detected in cumulus and mural gran- ulosa cells, whereas the signal in the theca cells was very weak but detectable. These results are in agreement with another report in the pig [20] , where Northern blot analysis revealed a 4-fold higher expression of TGFa mRNA in granulosa cells than theca cells. The expression of TGFa gene in granulosa cells is also consistent with a previous report in the rat [11] , in which TGFa mRNA was detected in both fresh and cultured granulosa cells by RT-PCR. However, Skinner and Coffey [13] , using Northern blot analysis, failed to detect TGFa mRNA transcripts in bovine granulosa cells but were able to detect it in theca cells. This difference in TGFa gene expression in granulosa cells was attributed to the better sensitivity of RT-PCR over Northern analysis [11] . Although the PCR method used in this study was not a quantitative one, the signal for TGFa mRNA transcript was stronger in the cumulus and granulosa cells than in the theca cells. This may suggest quantitative differences in TGFa mRNA abundance between the cumulus-granulosa and theca cell compartments in the pig. This is further supported by the fact that the number of granulosa cells used for isolating total RNA was similar to that of theca cells (see ulosa cells than in theca cells in two separate cell preparations supports such a notion. Therefore, the difference in somatic cell TGFa gene expression between cows, rats, and pigs may in fact be due to species differences.
In the present study, no TGFa mRNA was detected in the oocyte, which is in agreement with a previous report of Vaughan et al. [18] , who were unable to detect TGFa mRNA in denuded porcine oocytes by RT-PCR. However, TGFa transcript was detected in the unfertilized mouse oocyte [21] , which further supports the fact that the distribution of various peptides may vary substantially among species.
On the basis of the balance of evidence to date, TGFa was considered predominantly to be a theca cell product [10, 13, 14] . However, the present study, in which TGFa peptide was localized only in cumulus and granulosa cells, proves to the contrary and indicates that, in the pig, cumulus and mural granulosa cells are the chief source of TGFa. The presence of both TGFa mRNA and the peptide in cumulus and granulosa cells further supports the synthesis of TGFa by these cells. TGFa immunostaining was also observed in the oocytes of primordial and primary follicles, whereas the oocytes in antral follicles exhibited very little or no detectable staining. Since oocytes from primordial and primary follicles were not included in RT-PCR studies and no TGFa mRNA was detected in oocytes from antral follicles, it cannot be concluded whether the peptide is locally synthesized by the oocytes or sequestered from the surrounding cumulus and/or granulosa cells. The absence of immunoreactive TGFa in the presence of its mRNA in theca cells may indicate the absence of translation of the message. Similar observations were made in the ovarian follicle in our previous studies, in which immunoreactive EGF [15] was not detected in the theca cells in spite of the presence of its mRNA in these cells. Although there is no definitive explanation for such observations, it is possible that the translation of the message may be hormonally regulated. However, further studies are needed to test such possibilities. Although it is possible to obtain 100% pure preparations for oocytes, cumulus, and granulosa cells, because of vascularization, thecal cell preparations often contain some blood cells. Therefore, an alternative explanation would be that, because of the very high sensitivity of RT-PCR technique, the weak mRNA signal observed in theca cells may in fact have resulted from a few contaminating blood cells.
The presence of immunoreactive TGFa in the oocytes of primordial and primary follicles is consistent with a previous study in the rat [12] and suggests that this peptide may play a role in the early differentiation of the oocyte. These findings in the pig, however, are not in agreement with a previous bovine study [14] where TGFa was not detected in the primordial and primary follicles.
In our previous studies [15] , we have shown the presence of EGF-R, a common receptor shared by a few ligands including TGFa [22] , in porcine cumulus cells. Brucker et al. [23] have shown that the addition of exogenous TGFa to the culture medium containing isolated mouse OCC stimulates the resumption of meiotic maturation in the oocyte and that a positive signal is generated in the cumulus cells to augment this maturation. We have also shown that EGF stimulates the resumption of oocyte maturation and cumulus cell expansion in the pig in vitro [24, 25] . Therefore, TGFa of cumulus cell origin may have a physiological role in the regulation of oocyte maturation and cumulus cell expansion in this species. Since EGF was also localized in porcine cumulus cells and oocytes in previous studies [15] , the presence of two ligands that trigger similar signal transduction cascades after binding to the same receptor may indicate the presence of a redundant mechanism in the porcine system.
Granulosa cells expressed the TGFa gene and exhibited pronounced staining for TGFa in both preantral and antral follicles, whereas little or no staining was observed in theca cells (Fig. 2, B-D) . This is consistent with previous reports in the rat, where TGFa mRNA was detected in fresh and cultured granulosa cells by RT-PCR [11] , and the peptide was localized only in granulosa cells but not in theca cells of whole ovaries by immunocytochemistry [12] . In the cow, however, both the mRNA [13] and the peptide [14] for TGFa were localized only in theca cells, and the granulosa cells were negative. Furthermore, in another rat study involving immunolocalization of TGFa in the ovary [10] , this peptide was exclusively localized in theca cells, and the granulosa cells exhibited no staining. The difference in TGFa expression between cows and pigs may be explained on the basis of species differences. However, the ability to detect immunoreactive TGFa in granulosa but not in theca cells in one study [12] and the opposite results in an another study [10] in the rat are difficult to explain. Our results in the pig are in total agreement with the rat studies of Yeh et al. [11, 12] and support the presence of both the mRNA and the peptide in granulosa cells. A mitogenic activity for EGF has been demonstrated in bovine, porcine, rabbit, guinea pig, and human granulosa cells [26] [27] [28] . In fact, EGF was a more potent mitogen of porcine granulosa cells than theca cells [29] . Also, TGFa has been shown to stimulate the proliferation of isolated granulosa cells from bovine ovarian follicles [13, 301. Thus TGFc in granulosa cells may be involved in an autocrine fashion with rapid granulosa cell proliferation associated with follicular growth. In addition, EGF and TGFa have also been implicated in the regulation of differentiation and steroidogenesis of granulosa cells in vitro. EGF was shown to modulate FSH-mediated granulosa cell differentiation including suppression of FSH-induced LH receptor expression in rat granulosa cells [31] . EGF also inhibited FSH-stimulated estradiol [32] and cAMP production [33] in rat granulosa cells, and stimulated progesterone and 20a-dihydro progesterone formation in hamster and rat granulosa cells [34, 35] . In the rat, TGFa attenuated FSHstimulated basal aromatase activity and inhibited estradiol production by cultured granulosa cells in a dose-dependent manner [36, 37] . More recently, in a contrasting observation, TGFa was found to induce aromatase activity in granulosa and theca cells obtained from prepubertal gilts [38] . All these findings indicate that TGFct of granulosa cell origin may also have a role in the differentiation and steroidogenesis of these cells.
Similar to its effect on granulosa cells, TGFa stimulated the proliferation of isolated theca cells from bovine ovarian follicles [13] and induced aromatase activity in theca cells obtained from prepubertal gilts [381. However, no staining for TGFa was observed in the theca cells in the present study. Our previous studies [15] have shown the presence of EGF-R and the absence of EGF in porcine thecal cells. The presence of EGF-R in the absence of EGF and TGFa in theca cells supports a paracrine role of EGF/TGFa acquired from other components of the follicle or an endocrine role of circulating EGF/TGFat. Furthermore, several other peptides, including amphiregulin and cripto, have been reported to interact with EGF-R and to trigger a signal transduction cascade similar to TGFa and EGF [22] . Future localization studies may reveal the presence of some of these other EGF-R ligands in theca cells. Thus these ligands may interact with EGF-R in theca cells in an autocrine fashion and may alter their proliferation, steroidogenesis, and/ or differentiation.
In our previous studies [15] , we have shown the presence of EGF and EGF-R in follicles undergoing atresia. In addition, both EGF and TGFu have been shown to inhibit spontaneous onset of apoptosis, an indicator of follicular atresia, in cultured rat ovarian granulosa cells and intact follicles [39] . These observations suggested that EGF/TGFa may have a role in the prevention of onset of follicular atresia. However, in the present study, no TGFa staining was observed in atretic follicles. This suggests that TGFa may be present only during follicular growth and may have no role in the prevention of follicular atresia in the pig.
In summary, we have provided evidence that TGFa is synthesized by the cumulus and granulosa cells of the porcine ovary. Our previous studies have implicated EGF as a potent stimulant of porcine oocyte maturation and cumulus expansion, the events associated in vivo with the preovulatory surge of LH, which leads to the release of fertilizable oocytes. A better understanding of the regulation of production and secretion of these autocrine/paracrine factors in the oocyte and other somatic follicular cells will help to determine the events that lead to the normal controlled proliferation of somatic cells, the development of a healthy follicle, and the release of a developmentally competent oocyte.
